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1 Introduction
Native bone has a hierarchical structure with 
a range of pore sizes that span multiple length 
scales[1]. Inclusion of this multiscale porosity 
ZKHQSURGXFLQJERQHWLVVXHHQJLQHHULQJVFD*甀oOGV
is often overlooked with pore sizes typically 
FRQ¿QHGWRDVLQJOHRUGHURIPDJQLWXGH+RZHYHU
it has been demonstrated that a multiscale porosity 
enhances in vitro and in vivo performance of 
VFD*甀oOGV[2-4]7KH UHDVRQ IRU WKLV LV WKDW GL*甀eUHQW
VL]H SRUHV SURPRWH GL*甀eUHQW IXQFWLRQV 6PDOOHU
well interconnected cell-scale porosities promote 
FHOO SUROLIHUDWLRQ PLJUDWLRQ DQG QXWULHQW
GL*甀uVLRQZKLOHSRUH VL]HVRIDW OHDVWȝPEXW
LGHDOO\!ȝPKDYHEHHQUHSRUWHGDVEHQH¿FLDO
for osseous tissue deposition>@.
Polymerized high internal phase emulsions 
SRO\+,3(V DUH KLJKO\ SRURXV PDWHULDOV ZHOO
VXLWHGIRUWKUHHGLPHQVLRQDO'FHOOFXOWXUHDQG
WLVVXHHQJLQHHULQJDQGFODVVLFDOO\KDYHSRURVLW\DW
2ZHQet al7KLV LVDQ2SHQ$FFHVVDUWLFOHGLVWULEXWHGXQGHUWKHWHUPVRI WKH&UHDWLYH&RPPRQV$WWULEXWLRQ1RQ&RPPHUFLDO,QWHUQDWLRQDO/LFHQVHKWWSFUHDWLYHFRPPRQVRUJOLFHQVHVE\QFSHUPLWWLQJDOOQRQFRPPHUFLDOXVHGLVWULEXWLRQDQGUHSURGXFWLRQLQDQ\PHGLXPSURYLGHGWKH
original work is properly cited.
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two length-scales: a larger bulk porosity typically in 
WKHUHJLRQRI±PZKLFKLVLQWHUFRQQHFWHGE\
VPDOOHU±PSRUHV>@$VWKHQDPHVXJJHVWV
SRO\+,3(VFD*甀oOGVDUHLQLWLDOO\IRUPXODWHGDVDQ
emulsion. These are typically created by mixing a 
K\GURSKRELFPRQRPHU FURVVOLQNHU LQLWLDWRU DQG
a suitable surfactant to form the continuous phase 
RI WKH HPXOVLRQ WKHQ VORZO\ DGGLQJ DQ DTXHRXV
LQWHUQDOSKDVH7KLVFUHDWHVDZDWHULQRLO :2
emulsion where the constant mixing breaks the 
water into isolated droplets dispersed throughout 
the continuous monomer phase. To form a high 
LQWHUQDOSKDVHHPXOVLRQ+,3(WKHLQWHUQDOSKDVH
YROXPHUDWLRPXVWH[FHHGRIWKHWRWDOHPXOVLRQ
as this ensures that droplets form interconnects 
when polymerized. The continuous phase can be 
SRO\PHUL]HGXVLQJHLWKHUXOWUDYLROHW89OLJKWRU
thermal curing; afterward the internal phase drains 
DZD\OHDYLQJEHKLQGDKLJKO\SRURXVSRO\+,3([19].
7KHSDUDPHWHUVXVHGGXULQJWKHHPXOVL¿FDWLRQ
SURFHVV GLUHFWO\ D*甀eFW WKH VWUXFWXUH RI WKH ¿QDO
SRO\+,3( PDWHULDO 3K\VLFDO DFWLRQV VXFK DV WKH
speed of mixing>@ WKH UDWH DW ZKLFK ZDWHU
is added[22] and the emulsion temperature[23] all 
D*甀eFW LQWHUQDO SKDVH GLVSHUVLRQ JHRPHWU\ DQG
WKH¿QDOSRURVLW\DVWKHGURSOHWVDFWDVDWHPSODWH
for the continuous phase to polymerize around. 
)XUWKHUPRUHWKHW\SHDQGTXDQWLW\RIWKHHPXOVLRQ
FRQVWLWXHQWV DOVR D*甀eFW WKH ¿QDO DUFKLWHFWXUH
including the internal phase volume[24]PRQRPHU
type>@VROYHQWDGGLWLRQ>@FRQFHQWUDWLRQRIWKH
VXUIDFWDQWRUSDUWLFOHVLQ3LFNHULQJHPXOVLRQV>@
initiator solubility>@ DQG WKH FRQFHQWUDWLRQ RI
electrolytes in the aqueous phase>@ $OO WKHVH
D*甀eFW SRURVLW\ DQGRU SRUH LQWHUFRQQHFWLYLW\
RI WKH SRO\+,3( 7KH FRPPHUFLDO VXFFHVV RI
$OYHWH[® D SRO\VW\UHQH SRO\+,3( VKRZV WKH
suitability of this class of materials for 3D cell 
culture[29] +RZHYHU WKHVH PHPEUDQHV DUH RQO\
ȝPWKLFNDVFHOOXODUSHQHWUDWLRQLQWRWKHEXON
PDWHULDO LV OLPLWHG SULPDULO\ EHFDXVH RI IDFWRUV
such as diminishing mass transport and nutrient 
DYDLODELOLW\)XUWKHUPRUHZLWKSRO\+,3(VFD*甀oOGV
FUHDWHG IURP K\GURSKRELF PRQRPHUV VXUIDFH
treatments such as plasma etching/coating are 
necessary to overcome the inherent hydrophobicity 
RI WKH PDWHULDO7KLV UHGXFHV PD[LPXP VFD*甀oOG
thickness as these treatment methods have limited 
depth penetration into the material>@.
These limitations can be overcome by 
introducing another tier of porosity into the 
SRO\+,3(QHWZRUNLQWKHIRUPRIODUJHU!ȝP
pores>@7KLVFUHDWHVDPXOWLVFDOHSRURVLW\VFD*甀oOG
ideal for bone tissue engineering with pore sizes 
RYHU WKUHH OHQJWKVFDOHV SRUH LQWHUFRQQHFWV
VWDQGDUG SRO\+,3( SRUHV DQG DGGLWLRQDO
PDFURSRUHV$SSURDFKHV WR FUHDWLQJ ODUJHUSRUHV
LQKHUHQWLQWKHSRO\+,3(KDYHIRFXVHGRQFUHDWLQJ
large water droplets in the initial emulsion. This 
can be done using high temperatures or solvents 
to destabilize the emulsion in a controlled way 
to cause droplets of water to coalesce into larger 
ones[23] +RZHYHU DV WKHVH FKDQJHV D*甀eFW WKH
HQWLUH+,3(DQGODUJHUGURSOHWVDUHIRUPHGin lieu 
RIVPDOOHURQHVWKLVPHDQVWKDWDIXUWKHUVFDOHRI
SRURVLW\ LV QRW DGGHG$QRWKHU OLPLWDWLRQ WR WKLV
DSSURDFK LV WKH H*甀eFW RQ SRUH LQWHUFRQQHFWLYLW\
Pore interconnects form during polymerization 
EHWZHHQ DGMDFHQW ZDWHU GURSOHWV LI WKH ¿OP
of continuous phase surrounding the droplets 
LV VX*?FLHQWO\ WKLQ %HORZ WKLV WKUHVKROG WKH
contraction of the material as it polymerizes 
causes small interconnecting pores to form[31]; 
KHQFHPRQRPHUVWKDWKDYHKLJKVKULQNDJHGXULQJ
polymerization create more interconnectivity in the 
SRO\+,3(VFD*甀oOG>@. Larger water droplets have 
DWKLFNHUFRQWLQXRXVSKDVH¿OPVXUURXQGLQJWKHP
which will be more resistant to these contraction 
IRUFHVUHVXOWLQJLQIHZHULQWHUFRQQHFWV
$Q DOWHUQDWLYH DSSURDFK WR LQWURGXFH DQ
DGGLWLRQDOODUJHUVFDOHRISRURVLW\WRWKHSRO\+,3(V
LVE\'SULQWLQJWKH+,3(LQDGGLWLYHPDQXIDFWXUH
%\EXLOGLQJVWUXFWXUHVIURPSRO\+,3(VWUXWVWKDW
do not exceed the inherent depth limitations of 
WUDGLWLRQDOO\ PDQXIDFWXUHG SRO\+,3(V SRURXV
VFD*甀oOGV FDSDEOH RI ¿OOLQJ ODUJHU GHIHFWV FDQ EH
produced>@ 7KLV DSSURDFK UHVXOWV LQ PXOWLVFDOH
KLHUDUFKLFDODQG LQWHUFRQQHFWHGSRURXVVFD*甀oOGV
that have superior nutrient and waste transport 
ZKLOH EHQH¿WLQJ WLVVXH UHJHQHUDWLRQ 7KH\
KDYH VPDOOHU  ±  P PLFURVFDOH SRUHV
WKDW EHQH¿W FHOOXODU SHUIRUPDQFH DQG ODUJHU
SRUHV ! P WKDW IDFLOLWDWH LQJURZWK DQG
permit large quantities of extracellular matrix 
Owen, et al. 
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deposition and vascularization[32] 3RO\+,3(
based additive manufacturing techniques by 
which this is achievable include emulsion 
extrusion>@ and microstereolithography-based 
approaches>@. The latter has the ability 
WR UDSLGO\ SRO\PHUL]H WKH HPXOVLRQV DQG DV
ZH GHPRQVWUDWHG UHFHQWO\ LQFOXVLRQ RI OLJKW
DEVRUEHUV FDQ D*甀oUG WLJKW FRQWURO RYHU WKH ¿QDO
architecture>@.
+RZHYHU'SULQWLQJHPXOVLRQVXVLQJDGGLWLYH
manufacturing technologies require expensive 
HTXLSPHQWDQGWKHWUDGHR*甀 IRUVXFKDUFKLWHFWXUDO
¿GHOLW\ LV PDQXIDFWXUH VSHHG[9]. In applications 
where high levels of control over architecture are 
HVVHQWLDO VXFK DV LQYHVWLJDWLRQV LQWR WKH H*甀eFWV
RIJHRPHWU\RUWKHSURGXFWLRQRISDWLHQWVSHFL¿F
VFD*甀oOGV>@FOHDUO\WKHVORZHUVSHHGRISURGXFWLRQ
LVZRUWKZKLOH1HYHUWKHOHVVIRUPRUHJHQHULF'
cell culture applications using stereolithography 
can have high initial setup costs and be time 
intensive>@ 7KHUHIRUH LGHQWLI\LQJ D VLPSOHU
approach to introducing a multiscale porosity is 
ZDUUDQWHG 2QH SRWHQWLDO DYHQXH LV SDUWLFXODWH
leaching.
6ROYHQW FDVWLQJSDUWLFXODWH OHDFKLQJ LV D
FRQYHQWLRQDO DSSURDFK WR FUHDWLQJ VFD*甀oOG
porosity. This process involves dissolving a 
polymer in a solvent such as dimethylformamide 
or chloroform then casting around a porogen such 
as crystals of sugar or salt>@. These types of 
SRURJHQDUHUHDGLO\DYDLODEOHFKHDSDQGLQVROXEOH
LQK\GURSKRELFVROYHQWV+RZHYHUWKLVWHFKQLTXH
can cause limited pore interconnectivity as there is 
QRWVX*?FLHQWFRQWDFWEHWZHHQWKHSRURJHQVWRKDYH
DFRQWLQXRXVSRURVLW\UHVXOWLQJLQ³VNLQ´IRUPLQJ
around the pores during solvent evaporation. This 
results in samples often having to be thin to ensure 
even porogen dispersal and removal>@. This 
OLPLWDWLRQLVDOOHYLDWHGZKHQFDVWLQJD+,3(DURXQG
a porogen as the water droplets are deformable 
ensuring close contact with the porogen. 
Providing that the porogen material facilitates 
DQ RSHQ VXUIDFH SRURVLW\ LQWHUFRQQHFWLYLW\
between the emulsion and the voids left by the 
porogen can be achieved[19]$VVXJDUDQGVDOWDUH
ZDWHUVROXEOH WKH\ DUH XQVXLWDEOH SRURJHQV IRU
SRO\+,3(VDVWKH\ZRXOGGLVVROYHLQWKHDTXHRXV
LQWHUQDOSKDVH7KHUHIRUHLWLVHVVHQWLDOWRLGHQWLI\
a porogen that is insoluble in both emulsion 
phases whilst giving an open surface porosity. We 
K\SRWKHVL]H WKDW RQH VXFKPDWHULDO LV DOJLQDWH D
naturally derived polysaccharide commonly used 
LQ WLVVXH HQJLQHHULQJGXH WR LWV ELRFRPSDWLELOLW\
ELRGHJUDGDELOLW\DQGDEXQGDQWDYDLODELOLW\>@. By 
LQFRUSRUDWLQJDOJLQDWHEHDGV LQWR WKH+,3( WKHQ
polymerizing and subsequently dissolving the 
DOJLQDWHDQDGGLWLRQDOODUJHUVFDOHRISRURVLW\FDQ
EH TXLFNO\ HDVLO\ DQG FKHDSO\ LQWURGXFHG WR WKH
SRO\+,3(EDVHGVFD*甀oOGV
7R WHVW WKLV K\SRWKHVLV ZH EOHQGHG +,3(V
ZLWK DOJLQDWH EHDGV DW HLWKHU  RU  ZW RI
WKH LQLWLDO HPXOVLRQ YROXPH WR FUHDWH SRO\+,3(
VFD*甀oOGVZLWKDPXOWLVFDOHSRURVLW\UDQJLQJIURP
WRȝP7KHVHZHUHFRPSDUHGWRVWDQGDUG
SRO\+,3(PDWHULDOVZLWKDKLHUDUFK\RISRURVLW\
UDQJLQJ IURP  WR  ȝP 7R HYDOXDWH WKHLU
SHUIRUPDQFH 0/2$ PXULQH SRVWRVWHREODVWV
ZHUHFXOWXUHGIRUGD\VZLWKFHOOSUROLIHUDWLRQ
and bone-like matrix deposition by histology and 
lightsheet microscopy assessed.
2 Materials and methods
8QOHVVRWKHUZLVHVWDWHGDOOPDWHULDOVZHUHVRXUFHG
IURP6LJPD$OGULFK8.
2.1 Alginate bead synthesis
6RGLXPDOJLQDWHZDVGLVVROYHGLQGHLRQL]HGZDWHU
GL+
2
2 DW  ZW ZKLOH EHLQJ PL[HG  USP
RQDPDJQHWLFVWLUUHUKRWSODWHPDLQWDLQHGDW&
7RFUHDWHWKHEHDGVWKLVVROXWLRQZDVORDGHGLQWR
D  P/ ÀXLG GLVSHQVLQJ EDUUHO 1RUGVRQ ()'
VHDOHG XVLQJ D GLVSHQVLQJ SLVWRQ ,QWHU7URQLF
DQG LQMHFWHG WKURXJK D  JDXJH WLS LQWHUQDO
GLDPHWHUPP1RUGVRQ()'IURPDKHLJKW
RIPPLQWRDFURVVOLQNLQJVROXWLRQRIFDOFLXP
FKORULGH  ZW LQ GL+
2
2 XVLQJ D PHFKDQLFDO
V\ULQJHSXPS8OWUD3RVLWLYH'LVSODFHPHQW
'LVSHQVHU1RUGVRQ()'DWP/V%HDGV
EHORZPZHUHVHOHFWLYHO\FROOHFWHGWKURXJK
VLHYLQJ DQG VWRUHG LQ GL+
2
2 XQWLO QHHGHG 7R
DVVHVVVL]HGLVWULEXWLRQLPDJHVZHUHWDNHQRI
EHDG SRSXODWLRQV 0RWLF ,PDJHV 3OXV VRIWZDUH
DQGGLDPHWHUVPHDVXUHGXVLQJ)LML>@.
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2.2 PolyHIPE synthesis
)RU WKH FRQWLQXRXV SKDVH RI WKH HPXOVLRQ WKH
PRQRPHUHWK\OKH[\ODFU\ODWHJZDVPL[HGZLWK
WKH FURVVOLQNHU WULPHWK\OROSURSDQH WULDFU\ODWH  J
7KHVXUIDFWDQW+\SHUPHU%6209ZDVDGGHG
DWZWJUHODWLYHWRWKHWRWDOZHLJKWRIWKH
DFU\ODWHVJDQGPL[HGXQWLOGLVVROYHG7RFUHDWH
WKHHPXOVLRQJRIWKLVVWRFNVROXWLRQZDVWDNHQDQG
D SKRWRLQLWLDWRU GLSKHQ\O WULPHWK\OEHQ]R\O
SKRVSKLQHR[LGHK\GUR[\PHWK\OSURSLRSKHQRQH
ZDV DGGHG DW  ZW  J 7KLV VROXWLRQ ZDV
FRQWLQXRXVO\PL[HGDWUSPXVLQJDSDGGOHVWLUUHU
3UR VFLHQWL¿F VWLUUHU 6FL4XLS :KLOH PL[LQJ
GL+
2
2GL+
2
2P/ZDVDGGHGGURSZLVHWRIRUP
D  YRO:2 +,3(:KHUH DOJLQDWH EHDGV ZHUH
LQFRUSRUDWHG EHDGV ZHUH SDWWHG GU\ DQG ZHLJKHG
WKHQHLWKHURUZWUHODWLYHWRWKHWRWDODPRXQW
RI HPXOVLRQZDVDGGHG WR WKH+,3( HJZW
PHDQV  J RI EHDGV ZHUH DGGHG WR  J RI +,3(
The blend was then stirred for a further 2 min at 
USPWRKRPRJHQL]HWKHEHDGV+HUHLQWKHVHWKUHH
FRPSRVLWLRQVZLOOEHUHIHUUHGWRDV³SODLQ´³ZW´
DQG³ZW´SRO\+,3(V7KLVUHIHUVWRWKHFRQWHQW
RIWKHDOJLQDWHEHDGSRURJHQLQWKH+,3(
7RSRO\PHUL]HWKHHPXOVLRQLWZDVSRXUHGLQWR
D VTXDUH 37)( PROG ZLWK D JODVV EDVH DQG WRS
 î  î  PP ¿OOHG ZLWK DSSUR[LPDWHO\
 P/ RI +,3( DQG SODFHG XQGHU  : 89
OLJKW 2PQLFXUH 6 ZLWK DGMXVtable spot 
FROOLPDWLQJ DGDSWRU([FHOLWDV7HFKQRORJLHV IRU
 V RQ ERWK VLGHV:LWK WKHVH GLPHQVLRQV DQG
H[SRVXUH WLPHV WKH SRO\+,3(V ZHUH IXOO\ FXUHG
with no cavity left in the center of the monolith. 
7KH SRO\+,3(V ZHUH UHPRYHG IURP WKH PROG
and washed in acetone to remove any uncured 
PRQRPHU 7R UHPRYH WKH DOJLQDWH SRO\+,3(V
ZHUH VRDNHG LQ  0 VRGLXP FLWUDWH LQ GL+
2
2
for 2 h with sonication. The samples were then 
GULHG RYHUQLJKW XQGHU YDFXXP $ schematic of 
the fabrication process is given in Figure 1. To 
SURGXFHFXEHVIRUFHOOFXOWXUHWKHRXWHUVXUIDFHV
including the top surface and polymer skin on the 
JODVVFXUHGVLGHVZHUHUHPRYHGXVLQJDVFDOSHO
7KHUHPDLQLQJEXONSRO\+,3(ZDVWKHQFXWLQWR
îîPPFXEHV
7R SURGXFH F\OLQGHUV IRU PHFKDQLFDO WHVWLQJ
WKH +,3( ZDV SRO\PHUL]HG LQ D  P/ V\ULQJH
LQWHUQDO GLDPHWHU  PP 7KH F\OLQGHUV ZHUH
washed using the same methods described above 
DQGWKHQFXWLQWRPPOHQJWKV7KHVXUIDFHVNLQ
surrounding the outside of these cylinders was 
retained to keep a constant volume of material.
Figure 1. 6FKHPDtic detailing the alginate-leached polymerized high internal phase emulsions synthesis. 
$LQWHUQDOSKDVHYROXPH+,3(LVV\QWKHVL]HGE\DGGLQJZDWHUWRWKHFRQWLQXRXVSKDVH$OJLQDWH
EHDGVDUHSURGXFHGE\LQMHFWLQJDQDOJLQDWHVROXWLRQWRFDOFLXPFKORULGHDQGVLHYLQJ$OJLQDWHEHDGVDUH
WKHQPL[HGLQWR+,3(VDWHLWKHURUZWRIWKH+,3((PXOVLRQVDUHWKHQ89SRO\PHUL]HG
washed in acetone and the alginate dissolved using sodium citrate. Macropores within the bulk of the 
SRO\+,3(OHIWE\DOJLQDWHEHDGVDUHFOHDUO\YLVLEOHLQWKHDQGZWVFD*甀oOGV
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2.3 Scanning electron microscopy (SEM)
6DPSOHV ZHUH VSXWWHU FRDWHG ZLWK JROG 6&
(PVFRSHWRLPSURYHFRQGXFWLYLW\EHIRUHLPDJLQJ
;/6(03KLOLSV
2.4 Mechanical testing
&RPSUHVVLYH WHVWLQJ ZDV SHUIRUPHG RQ D %26(
(OHFWUR)RUFHZLWKD1ORDGFHOODWDUDWH
RIPPVWRDPD[LPXPGLVSODFHPHQWRIPP
The samples were placed centrally on parallel 
compression plates and a preload of 1 N applied 
before test initiation. The compressive modulus 
was calculated from the force-displacement curves.
3ODVPDPRGL¿FDWLRQ
7R LQFUHDVH K\GURSKLOLFLW\ IRU FHOO FXOWXUH
SRO\+,3( VDPSOHV ZHUH DLU SODVPD WUHDWHG
=HSWR : 3ODVPD 6\VWHP 'LHQHU (OHFWURQLF
7KH VDPSOHV ZHUH SODFHG XQLIRUPO\ RQ D ÀDW
aluminum foil wrapped stage and placed centrally 
LQ WKH SODVPD FKDPEHU $ UDQJH RI SDUDPHWHUV
were tested as charring readily occurred in 
WKH SDUWLFXODWH OHDFKHG SRO\+,3(V 7KH ¿QDO
SDUDPHWHUVXVHGZHUH:DWDQLQLWLDOSUHVVXUH
RIPEDUIRUPLQ
2.6 Cell culture
0/2$PXULQHSRVWRVWHREODVWVNLQGO\GRQDWHG
E\'U/\QGD%RQHZDOG8QLYHUVLW\RI0LVVRXUL
ZHUHXVHGIRUDOOH[SHULPHQWV&HOOVZHUHSDVVDJHG
LQ JHODWLQFRDWHG ÀDVNV LQ EDVDO PHGLD %0
consisting of alpha-minimum essential medium 
DOSKD0(0/RQ]D8.ZLWKIHWDOERYLQH
VHUXP )%6 /DEWHFK 8.  P0 /JOXWDPLQH
8P/SHQLFLOOLQDQGȝJP/VWUHSWRP\FLQ
7R VWHULOL]H VFD*甀oOGV ZHUH SODFHG LQ 
ethanol and put under vacuum to remove all 
DLU $IWHU  PLQ HWKDQRO ZDV H[FKDQJHG IRU
SKRVSKDWHEX*甀eUHG VDOLQH 3%6 DQG RUELWDOO\
VKDNHQDWUSPIRUPLQ7KHZDVKLQJVWDJH
ZDV UHSHDWHG D IXUWKHU  WLPHV WKHQ 3%6 ZDV
exchanged for BM for 1 h. Media were removed 
IURPWKHVFD*甀oOGVIRUVHHGLQJ
7R VHHG VFD*甀oOGV ZHUH SODFHG LQ D  ZHOO
SODWH  0/2$ LQ  ȝ/ %0 ZHUH
DGGHG WR WKH ZHOO MXVW FRYHULQJ WKH WRS VFD*甀oOG
surface. The seeding suspension was gently pulsed 
E\ PDQXDO SLSHWWLQJ HYHU\  PLQ WR LPSURYH
VHHGLQJ GLVWULEXWLRQ $IWHU  K VFD*甀oOGV ZHUH
WUDQVIHUUHGWRDZHOOSODWHVRWKDWRQO\DGKHUHG
FHOOV UHPDLQHG &HOO YLDELOLW\ 3UHVWR%OXH ZDV
TXDQWL¿HG WR GHWHUPLQH EDVHOLQH FHOO QXPEHUV
WKHQ VFD*甀oOGV ZHUH PDLQWDLQHG LQ VXSSOHPHQWHG
PHGLD 60 FRQVLVWLQJ RI %0 ZLWK  P0 EHWD
JO\FHUROSKRVSKDWH DQG  ȝJP/ DVFRUELF DFLG
SKRVSKDWH0HGLDZHUHFKDQJHGHYHU\±GD\V
2.7 Cell viability
9LDELOLW\ZDVTXDQWL¿HGRQGD\VDQGE\
PrestoBlue which measures metabolic activity. 
3UHVWR%OXH UHDJHQW ZDV GLOXWHG  LQ +DQN¶V
%DODQFHG6DOW6ROXWLRQP/ZDVDGGHGWRHDFK
ZHOODQGLQFXEDWHGIRUKȝ/RIWKHUHGXFHG
solution was then transferred in triplicate to a black 
ZHOOSODWHDQGWKHÀXRUHVFHQFHPHDVXUHGRQD
SODWH UHDGHU 7HFDQ LQ¿QLWHSURȜ
ex
QP
Ȝ
em
QP6FD*甀oOGVZHUHULQVHGLQ3%6EHIRUH
DGGLQJIUHVK60
2.8 Mineralized matrix deposition
&DOFLXPDQGFROODJHQGHSRVLWLRQZHUHTXDQWL¿HG
RQ GD\V  DQG  E\ DOL]DULQ UHG 6 $56 DQG
GLUHFWUHG'5UHVSHFWLYHO\DVSUHYLRXVO\
UHSRUWHG2ZHQet al.>@%ULHÀ\WKHVDPSOHVZHUH
ULQVHG WZLFH LQ 3%6 WKHQ ¿[HG E\ LPPHUVLRQ LQ
 IRUPDOGHK\GH IRU  PLQ 6FD*甀oOGV ZHUH
ULQVHG WZLFH LQ GL+
2
2 DQG WKHQ VXEPHUJHG LQ
 ZY $56 LQ GL+
2
2 IRU  PLQ WR VWDLQ IRU
FDOFLXP6WDLQHGVDPSOHVZHUHZDVKHGUHSHDWHGO\
LQ GL+
2
2 XQWLO ZDVK ZDWHU UHPDLQHG FOHDU WKHQ
air dried and photographHG7RTXDQWLI\VFD*甀oOGV
ZHUHVXEPHUJHGLQP/SHUFKORULFDFLGDQG
RUELWDOO\ VKDNHQ IRU  PLQ DW  USP  ȝ/
ZDV WKHQ WUDQVIHUUHG LQ WULSOLFDWH WR D  ZHOO
SODWHDQGUHDGDWDQDEVRUEDQFHRIQP7HFDQ
LQ¿QLWHSUR7KHFRQFHQWUDWLRQRI$56ZDV
GHWHUPLQHGIURPDVWDQGDUGFXUYH6FD*甀oOGVZHUH
WKHQZDVKHG WLPHV LQGL+
2
2EHIRUH LPPHUVLQJ
LQ  ZY '5 LQ VDWXUDWHG SLFULF DFLG IRU
 K WR VWDLQ IRU FROODJHQ 6WDLQHG VDPSOHV ZHUH
ZDVKHG UHSHDWHGO\ LQ GL+
2
2 XQWLO ZDVK ZDWHU
 6FD*甀oOGVSURGXFHGE\FRPELQLQJSRURJHQOHDFKLQJDQGHPXOVLRQWHPSODWLQJ
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UHPDLQHGFOHDU WKHQDLUGULHGDQGSKRWRgraphed. 
7RTXDQWLI\VFD*甀oOGVZHUHVXEPHUJHGLQP/RI
0VRGLXPK\GUR[LGHPHWKDQRODQGRUELWDOO\
VKDNHQIRUPLQDWUSPȝ/ZDV WKHQ
WUDQVIHUUHGLQWULSOLFDWHWRDZHOOSODWHDQGUHDGDW
DQDEVRUEDQFHRIQP7HFDQLQ¿QLWHSUR
7KHFRQFHQWUDWLRQRI'5ZDVGHWHUPLQHGIURP
a standard curve.
2.9 Histology
6FD*甀oOGLQ¿OWUDWLRQZDVDVVHVVHGRQGD\VDQG
E\KLVWRORJ\6FD*甀oOGVZHUH¿[HGDVDERYHEHIRUH
being submerged in optimal cutting temperature 
PHGLXP/HLFDDQGSODFHGXQGHUYDFXXPIRUK
WKHQVQDSIUR]HQLQOLTXLGQLWURJHQ6HFWLRQVZHUH
REWDLQHGXVLQJDFU\RVWDW/HLFD&089DW
í& DW  P WKLFNQHVV PRXQWHG RQWR D JODVV
slide and stained with hematoxylin and eosin. 
$IWHUVWDLQLQJWKHVDPSOHVZHUHSUHVHUYHGXQGHUD
cover glass and imaged under a Motic microscope 
using a digital camera.
2.10 Lightsheet microscopy
$VD IXUWKHUPHDVXUHRI FHOO LQJUHVV OLYHGHDG
staining was performed on day 14 and assessed 
E\OLJKWVKHHWPLFURVFRS\6FD*甀oOGVZHUHULQVHG
LQ3%6 WKHQVWDLQHG LQȝ0FDOFHLQ$0OLYH
FHOOV LQ3%6 IRUPLQDW URRP WHPSHUDWXUH
6FD*甀oOGVZHUH WKHQ ULQVHG LQ3%6 VXEPHUJHG
LQ  ȝJP/ SURSLGLXP LRGLGH GHDG FHOOV LQ
DOSKD0(0IRUPLQDWURRPWHPSHUDWXUHWKHQ
ULQVHG WZLFH LQ 3%6 6FD*甀oOGV ZHUH WKHQ FXW
XVLQJDVFDOSHORQHYHUWLFDODQGRQHKRUL]RQWDO
so that internal surfaces could be imaged to 
assess ingrowth.
To image through lightsheet microscopy (Z.1 
OLJKWVKHHW PLFURVFRSH =HLVV VFD*甀oOG VHFWLRQV
ZHUH PRXQWHG LQ  YRO DJDURVH LQ GL+
2
2
LQ JODVV FDSLOODULHV VL]H  =HLVV 7ZR  î
1$  LOOXPLQDWLRQ RSWLFV =HLVV ZHUH XVHG WR
illuminate the samples in combination with a W 
SODQDSRFKURPDWîREMHFWLYH =HLVV7KH
VDPSOHV ZHUH H[FLWHG XVLQJ D  QP  P:
DQGDQPP:ODVHU=VWDFNVZHUHWDNHQ
DQG D PD[LPXP SURMHFWLRQ LPDJH FUHDWHG XVLQJ
WKH%LR)RUPDWVSOXJLQIRU)LML[49].
2.11 Statistical analysis
$OOVWDWLVWLFDODQDO\VLVZDVSHUIRUPHGLQ*UDSKPad 
3ULVP YHUVLRQ  'DWD SUHVHQWHG DV PHDQ 
VWDQGDUG GHYLDWLRQ &RPSUHVVLYH PRGXOL ZHUH
compared by one-way analysis of variance 
$129$ZLWK7XNH\¶VSRVWWHVW&HOOFXOWXUHUHVXOWV
ZHUHFRPSDUHGE\WZRZD\$129$ZLWK7XNH\¶V
SRVWWHVW 0LQHUDO DQG FROODJHQ TXDQWL¿FDWLRQ DUH
QRUPDOL]HG WR WKH ³SODLQ SRO\+,3(´ DW HDFK WLPH
SRLQW7KHGL*甀eUHQFHVZHUHFRQVLGHUHGVLJQL¿FDQW
when PDQGDUHLQGLFDWHGRQWKH¿Jures 
DQGLQWKHOHJHQG$OOFHOOFXOWXUHH[SHULPHQWVZHUH
repeated twice in triplicate.
3 Results
3.1 Alginate porogen leaching within polyHIPEs 
creates multiscale porosity
$OJLQDWH EHDGV ZHUH FUHDWHG E\ LQMHFWLQJ WKH
DOJLQDWH VROXWLRQ WKURXJK D  * QHHGOH LQWR
 0 FDOFLXP FKORULGH VROXWLRQ DW  P/V
EHIRUH SDVVLQJ WKURXJK D  ȝP VLHYH 7KH
VL]H GLVWULEXWLRQ RI VLHYHG DOJLQDWH EHDGV ¿WWHG
D *DXVVLDQ GLVWULEXWLRQ ZLWK GLDPHWHUV UDQJLQJ
IURPȝPWRȝPZLWKDPRGDOUDQJHEHDG
VL]H RI  ȝP DQG D PHDQ GLDPHWHU ZDV
 ȝP Figure 2A$ VPDOO QXPEHU RI EHDGV
H[FHHGHGWKHȝPVLHYHPHVKVL]HGXHWREHDG
deformation during sieving. There was no further 
sieving or intentional separation of the alginate 
EHDGVLQWRGL*甀eUHQWVL]HV
$ SRO\+,3( ZLWK PXOWLVFDOH SRURVLW\ ZDV
created when alginate beads were mixed into 
WKH +,3( EHIRUH SRO\PHUL]DWLRQ 6(0 LPDJHV
RI SODLQ  ZW Figure 2B and C  ZW
(Figure 2D and EDQGZWFigure 2F and G
SRO\+,3(VUHYHDOWKHPDFURSRURVLW\SUHVHQWLQWKH
material when alginate beads were incorporated. 
3RUH VL]HV UDQJHG IURP a WR  ȝP IRU WKH
SRO\+,3( SRUH LQWHUFRQQHFWV a WR  ȝP IRU
WKHSRO\+,3(HPXOVLRQSRUHVDQGXSWRaȝP
IRUWKHDOJLQDWHEHDGSRURJHQSRUHV$WZW
macropores formed by alginate-leaching frequently 
LQWHUFRQQHFWHGOHDYLQJODUJHFKDQQHOVWKURXJKRXW
WKHVFD*甀oOG7KHSRO\PHUVWUXWVDWWKHLQWHUIDFHRI
WKHEXONSRO\+,3(SRURVLW\DQGWKHSRUHVIRUPHG
Owen, et al. 
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by the alginate beads are smooth and form an 
open porosity with a similar morphology to the 
SRO\+,3(VXUIDFHWKDWFXUHVDJDLQVWDLURQWKHWRS
of the emulsion.
3.2 Porogen leaching of polyHIPEs decreases 
the compressive modulus
7KH FRPSUHVVLYH PRGXOXV RI WKH SRO\+,3(
decreased as alginate bead content increased 
(Figure 3 $ OLQHDU UHODWLRQVKLS ZDV REVHUYHG
EHWZHHQZWRIDOJLQDWHEHDGVDQGFRPSUHVVLYH
PRGXOL52 
3.3 Porogen leached polyHIPE had superior 
mineralized matrix distribution
6HHGLQJ H*?FLHQF\ ZDV VLJQL¿FDQWO\ KLJKHU RQ
WKHZWDOJLQDWHSRURJHQOHDFKHGSRO\+,3(
VFD*甀oOGV LQ FRPSDULVRQ WR SODLQ VFD*甀oOGV ZLWK
DSSUR[LPDWHO\  KLJKHU PHWDEROLF DFWLYLW\
REVHUYHGRQGD\PFigure 4A%\GD\
PHWDEROLFDFWLYLW\ZDVVWLOOVLJQL¿FDQWO\KLJKHU
ZWYVSODLQP&DOFLXPGHSRVLWLRQ
E\$56VWDLQLQJZDVJUHDWHVWRQWKHSODLQVFD*甀oOG
LQFRPSDULVRQ WRERWKSRURJHQ OHDFKHGVFD*甀oOGV
RQGD\PEXWWKHUHZDVQRVLJQL¿FDQW
GL*甀eUHQFH E\ GD\  Figure 4B &ROODJHQ
GHSRVLWLRQ E\ '5 VWDLQLQJ RQ WKH  ZW
SRO\+,3(V ZDV VLJQL¿FDQWO\ ORZHU RQ GD\  LQ
FRPSDULVRQ WR  ZW SRO\+,3(V P  
ZLWKQRVLJQL¿FDQWGL*甀eUHQFHVEHWZHHQDQ\JURXS
Figure 3. &RPSUHVVLYH PRGXOXV RI SRO\PHUL]HG
KLJK LQWHUQDO SKDVH HPXOVLRQV SRO\+,3(V DW
GL*甀eUHQW DOJLQDWH EHDG LQFRUSRUDWLRQ 3RURJHQ
OHDFKLQJ ZLWK DOJLQDWH VLJQL¿FDQWO\ UHGXFHG WKH
FRPSUHVVLYHPRGXOLDWZWPDQG
ZWP LQFRPSDULVRQWRSODLQSRO\+,3(V
(n 
Figure 2.$$OJLQDWHEHDGVL]HGLVWULEXWLRQDIWHU
VLHYLQJ /RZ % ' ) VFDOH EDUV  ȝP DQG
KLJK&(*VFDOHEDUVȝPPDJQL¿FDWLRQ
VFDQQLQJHOHFWURQPLFURVFRS\LPDJHVRI%DQG&
plain polymerized high internal phase emulsions 
SRO\+,3(V ' DQG (  ZW DOJLQDWH EHDG
SRO\+,3(VDQG)DQG*ZWDOJLQDWHEHDG
SRO\+,3(V /DUJH PDFURSRUHV OHIW E\ DOJLQDWH
EHDGV FOHDUO\ YLVLEOH LQ WKH  DQG  ZW
SRO\+,3(V '* ZLWK LQWHUFRQQHFWLRQ EHWZHHQ
PDFURSRUHVRFFXUULQJDWWKHKLJKHVWZW*
A
B C
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E\ GD\  )RU SODLQ VFD*甀oOGV ERWK $56 DQG
'5VWDLQLQJ UHPDLQHGFRQ¿QHG WR WKHH[WHULRU
VFD*甀oOGVXUIDFHVDWERWKWLPHSRLQWV+RZHYHURQ
DOJLQDWHOHDFKHG VFD*甀oOGV SRVLWLYH VWDLQLQJ ZDV
observed deeper within the bulk of the material.
3.4 Cell ingrowth is superior in porogen leached 
SRO\+,3(VFD൵ROGV
,Q SRURJHQ OHDFKHG VFD*甀oOGV FHOO LQ¿OWUDWLRQ
LV YLVLEOH PXFK IXUWKHU LQWR WKH VFD*甀oOG ZLWK
WKH JUHDWHVW LQJURZWK REVHUYHG LQ WKH  ZW
VFD*甀oOGV Figure 5 ,Q SODLQ VFD*甀oOG FHOOV DUH
FRQVWUDLQHGWRWKHH[WHULRUVXUIDFHDQG¿UVW±
URZV RI SRO\+,3( SRUHV DFKLHYLQJ D PD[LPXP
LQ¿OWUDWLRQ GLVWDQFH RI DSSUR[LPDWHO\  ȝP
,Q FRQWUDVW LQ WKH  ZW VFD*甀oOGV FHOOXODU
penetration had reached a depth of approximately 
ȝPE\GD\ DQGXS WRȝPE\GD\
)RUWKHZWVFD*甀oOGVLQ¿OWUDWLRQGHSWKVRYHU
ȝPIURPWKHRXWHUVXUIDFHZHUHREVHUYHGDW
both time points.
3.5 Cells remain viable within the center of the 
SRURJHQOHDFKHGSRO\+,3(VFD൵ROGV
Live/dead staining assessed by lightsheet 
PLFURVFRS\ ZDV SHUIRUPHG RQ GD\  $IWHU
VWDLQLQJ WKH VDPSOHV ZHUH FXW KRUL]RQWDOO\ DQG
vertically and placed into the lightsheet microscope 
to image the internal surfaces of the samples and 
assess cell ingrowth. The external seeding surface 
is on the right side of each image.
2Q WKH SODLQ VFD*甀oOG FHOOV ZHUH FRQ¿QHG WR
WKHVFD*甀oOGVXUIDFHZLWKQRFHOOLQJURZWKSDVWWKH
¿UVW OD\HUVRISRUHV Figure 6A ,Q WKHZW
SRURJHQOHDFKHGVFD*甀oOGYLDEOHFHOOVZHUHYLVLEOH
RYHUWKHLQWHUQDOQHWZRUNRIWKHVFD*甀oOGDOWKRXJK
a higher concentration of dead cells was present 
further into the structure (Figure 6B )RU WKH
 ZW VFD*甀oOG LGHQWLI\LQJ WKH HGJH RI WKH
VFD*甀oOGZDVPRUHGL*?FXOWDVWKHUHZDVQRFOHDU
linear region due to the high macroporosity. The 
FHOOV ZHUH YLVLEOH GHHS LQWR WKH VFD*甀oOG LQWHUQDO
QHWZRUN DQG ZHUH SUHGRPLQDWHO\ YLDEOH JUHHQ
cells (Figure 6C 'XH WR WKH DXWRÀXRUHVFHQFH
RI WKHSRO\+,3(PDWHULDO WKHUH LV DZHDNJUHHQ
signal throughout the imaging.
4 Discussion
,QWKLVVWXG\ZHFRPELQHGDOJLQDWHEHDGSRURJHQ
leaching with emulsion templating to introduce 
DQ DGGLWLRQDO ODUJHU OHQJWKVFDOH RI SRURVLW\
WR SRO\+,3(V FUHDWLQJ D PXOWLVFDOH SRURVLW\
over three length-scales. To the best of our 
NQRZOHGJH WKLV LV WKH ¿UVWWLPH VXFK PXOWLVFDOH
SRURXV SRO\+,3(V KDYH EHHQ IDEULFDWHG XVLQJ D
single-step alginate porogen leaching approach. 
Figure 4.&HOOJURZWKDQGPLQHUDOL]HGPDWUL[GHSRVLWLRQRQSRO\PHUL]HGKLJKLQWHUQDOSKDVHHPXOVLRQV
SRO\+,3(VFD*甀oOGV$0HWDEROLFDFWLYLW\RYHUGD\VZWVLJQL¿FDQWO\KLJKHUWKDQSODLQRQ
GD\DQGP%&DOFLXPGHSRVLWLRQRQGD\VDQG7\SLFDOPLQHUDOVWDLQLQJIRUHDFK
FRQGLWLRQVKRZQLPPHGLDWHO\EHORZHDFKEDU3ODLQVLJQL¿FDQWO\KLJKHUWKDQZWDQGZWRQ
GD\PQRVLJQL¿FDQWGL*甀eUHQFHVE\GD\&&ROODJHQGHSRVLWLRQRQGD\VDQG7\SLFDO
FROODJHQ VWDLQLQJ IRU HDFK FRQGLWLRQ VKRZHG LPPHGLDWHO\ EHORZ HDFK EDU  ZW KDG VLJQL¿FDQWO\
OHVVFROODJHQWKDQZWRQGD\PQRVLJQL¿FDQWGL*甀eUHQFHVE\GD\0DWUL[VWDLQLQJ
LVFRQ¿QHGWR WKHRXWHUVXUIDFHVRQSODLQSRO\+,3(VDWERWK WLPHSRLQWVZKHUHDV LQDOJLQDWHOHDFKHG
SRO\+,3(VSHQHWUDWLRQLQWRWKHEXONRIWKHPDWHULDOLVYLVLEOH
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7KHH*甀eFWRISRURVLW\RQWKHFXOWXUHRI0/2$
SRVWRVWHREODVWFHOOVZDVVWXGLHGKLJKOLJKWLQJWKH
SRWHQWLDO RI WKLV VFD*甀oOG PDQXIDFWXULQJ PHWKRG
for bone tissue engineering related applications. 
We propose alginate porogen leaching as a cheap 
and simple method to produce additional larger 
SRUHVZLWKLQWKHSRO\+,3(VFD*甀oOGV
We envisage that these porous materials will 
be useful as 3D substrates for bioprinting. They 
will allow complex tissues to be engineered that 
include multiple cell types by combining these new 
materials with the spatially controlled deposition 
RIFHOOV WKURXJKELRSULQWLQJ ,QDGGLWLRQ WKHUH LV
DQHPHUJHQWUHVHDUFK¿HOGH[SORULQJIRUPXODWLRQV
RI+,3(V WKDWDUHFRPSDWLEOHZLWKELRSULQWLQJ[34] 
DQGWKLVFRPELQDWLRQZLOOLQRXUYLHZSRLQWOHDG
to a powerful new hybrid technology to build 3D 
organs.
7R WKH EHVW RI RXU NQRZOHGJH RQO\ RQH
previous study has investigated combining 
particulate leaching with emulsion templating of 
PDWHULDOV7KLVDSSURDFK¿UVWVLQWHUHGSRO\PHWK\O
PHWKDFU\ODWH300$EHDGVIRUKWRIXVHWKHP
WRJHWKHUWRFUHDWHDVDFUL¿FLDOPROGWKHQ+,3(ZDV
poured over these sintered beads and polymerized. 
6XEVHTXHQWO\ WKH 300$ ZDV GLVVROYHG E\
Figure 5.5HSUHVHQWDWLYHKLVWRORJLFDOVHFWLRQVRISODLQZWDQGZWSRO\PHUL]HGKLJKLQWHUQDO
SKDVHHPXOVLRQVVFD*甀oOGV7RSURZFRQWUROFHOOIUHHVHFWLRQV0LGGOHDQGERWWRPURZVGD\DQG
LQJURZWKUHVSHFWLYHO\,QJURZWKLVKLJKOLJKWHGLQUHGFLUFOHGUHJLRQV&HOOVDUHFRQ¿QHGWRWKHWRSVXUIDFH
LQSODLQVFD*甀oOGVZKHUHDVLQ¿OWUDWLRQWKURXJKWKHPDWHULDOLVSUHVHQWLQDOJLQDWHOHDFKHGVFD*甀oOGV7KH
JUHDWHVWLQ¿OWUDWLRQRFFXUVLQWKHZWVFD*甀oOGV6FDOHEDUVP
Figure 6.5HSUHVHQWDWLYHOLJKWVKHHWPLFURVFRS\RIOLYHJUHHQGHDGUHGVWDLQLQJRQSRO\PHUL]HGKLJK
LQWHUQDOSKDVHHPXOVLRQVSRO\+,3(VFD*甀oOGV5LJKWVLGHRIWKHLPDJHVLVWKHH[WHUQDOVXUIDFHIXUWKHU
OHIWLVGHHSHULQWRWKHPDWHULDO7KHSRO\+,3(PDWHULDODXWRÀXRUHVFHVLQWKHJUHHQZDYHOHQJWK$3ODLQ
VFD*甀oOGV±FHOOVZHUHFRQ¿QHGWRWKHVFD*甀oOGVXUIDFH%DQG&DQGZWUHVSHFWLYHO\±FHOO
LQJURZWKRFFXUV GHHS LQWR WKHPDWHULDOZLWK D ORZHU REVHUYHGQXPEHURI GHDG FHOOV LQ WKH ZW
FRPSRVLWLRQ6FDOHEDUVȝP
A B C
 6FD*甀oOGVSURGXFHGE\FRPELQLQJSRURJHQOHDFKLQJDQGHPXOVLRQWHPSODWLQJ
108 International Journal of Bioprinting±9ROXPH,VVXH
HWK\O DFHWDWH OHDYLQJ D SRO\+,3( ZLWK a P
PDFURSRUHV IURP WKH 300$ EHDGV>@. While 
this approach successfully generated multiscale 
SRURVLW\ SRO\+,3(V LW LV FRPSOH[ DQG WLPH
consuming. This is due to the extended sintering 
WLPHDQGWKHXVHRI6R[KOHWZDVKLQJWRUHPRYHWKH
300$DQGUHVLGXDOVROYHQWERWKHVVHQWLDOVWHSV
to form the macropores and minimize cytotoxicity. 
)XUWKHUPRUH WKHȝPPDFURSRUHV LQWURGXFHG
here are still a limiting factor as vascularization 
requires larger macropores>@ ,Q DGGLWLRQ DV
cellular penetration also depends on pore size and 
monolith thickness>@ LQJURZWK FDQ EH IXUWKHU
improved by introducing larger macropores as 
VKRZQ KHUH ,PSRUWDQWO\ RXU ¿QGLQJV VKRZLQJ
that an increased macroporosity increases cell 
LQ¿OWUDWLRQ DJUHH ZLWK WKRVH RI 3DOMHYDF et al., 
which demonstrates its value in tissue engineering 
and 3D cell culture>@.
$OWHUQDWLYHZRUNZLWKLQRXUJURXSKDVIRFXVHG
on using stereolithography to introduce this 
larger length-scale hierarchical porosity into 
SRO\+,3(V>@DQGYDULRXVDOWHUQDWLYHDGGLWLYH
manufacturing techniques have also been used by 
other groups>@. While these approaches produce 
VWUXFWXUHVZLWKZHOOGH¿QHGDUFKLWHFWXUHVWKH\DUH
not without their limitations. Laser-based systems 
are expensive to set up and control over the 
¿QDO VWUXFWXUH UHTXLUHV WLPHFRQVXPLQJ SURFHVV
RSWLPL]DWLRQ )XUWKHUPRUH WKH HPXOVLRQV VFDWWHU
OLJKWWKHUHIRUHIRUKLJKUHVROXWLRQ'SULQWLQJWKH
addition of light-absorbers is needed to control the 
polymerized region[9] 7KHUHIRUH LQ DSSOLFDWLRQV
ZKHUHDPXOWLVFDOHSRURVLW\ LVEHQH¿FLDOEXW WKH
¿QDO VFD*甀oOG DUFKLWHFWXUH GRHV QRW KDYH WR EH
SUHFLVHO\ GH¿QHG IRU H[DPSOH LQLWLDO ' FHOO
FXOWXUH LQYHVWLJDWLRQV D PRUH VWUDLJKWIRUZDUG
DSSURDFK VXFK DV SRURJHQ OHDFKLQJ PD\ EH
desirable.
,Q HPXOVLRQ WHPSODWLQJ WKH LQWHUQDO SKDVH
acts as a template for the continuous phase to 
polymerize around. This is like porogen leaching 
in that the monomer is polymerized around 
something immiscible with it. The size of the 
ZDWHU GURSOHWV GLUHFWO\ D*甀eFWV WKH SRUH VL]H DV
does the size of the sugar/salt crystals in porogen 
OHDFKLQJ 7KH EHQH¿W RI XVLQJ D OLTXLG SRURJHQ
rather than crystals is that it can be deformed to 
DFFRPPRGDWHDKLJKSDFNLQJH*?FLHQF\\LHOGLQJD
PXFKKLJKHUSRURVLW\$WKLJKZDWHUYROXPHUDWLRV
!GURSOHWVDUHIRUFHGWRGHIRUPDQGEHFRPH
polygonal but remain separated by a thin layer 
of the monomer/surfactant solution. This thin 
PRQRPHU¿OPLVDSUHFXUVRUIRULQWHUFRQQHFWLYLW\
as the monomer contracts during polymerization 
WRFUHDWH LQWHUFRQQHFWLQJKROHVEHWZHHQDGMDFHQW
pores[31] +RZHYHU FUHDWLQJ QXPHURXV ODUJH
SRUHV!ȝPVROHO\E\WDLORULQJWKHHPXOVLRQ
conditions to have large water droplets will 
often result in limited pore interconnectivity. 
This is because the large water droplets are 
VXUURXQGHGE\D WKLFNPRQRPHU¿OP WKDW UHVLVWV
the contraction forces that create interconnectivity 
GXULQJSRO\PHUL]DWLRQ2QWKHRWKHUKDQGVPDOOHU
GURSOHWV RI ZDWHU KDYH D KLJKHU VXUIDFH DUHD VR
the monomer layer surrounding it will be thinner 
and more prone to the contraction forces that 
create the interconnectivity>@ $V VKRZQ KHUH
the addition of a non-emulsion-based method is 
ideal for creating large pores independent of the 
emulsion conditions.
$OJLQDWHEHDGVZLWKDVL]HGLVWULEXWLRQEHWZHHQ
DQGȝPZHUHPDGHE\LQMHFWLQJDQDOJLQDWH
solution into a calcium chloride solution. The 
size distribution of the alginate beads represents 
the range that could be produced when using the 
IDVWHVWLQMHFWLRQVSHHGRQWKHPHFKDQLFDOV\ULQJH
pump and forcing the alginate solution through 
D*QHHGOH6RPHRIWKHDOJLQDWHEHDGVKDGD
VOLJKW QRQVSKHULFDO VKDSH ZKLFK LV PRVW OLNHO\
EHFDXVHRIDFRPELQDWLRQRIKLJKLQMHFWLRQVSHHG
WKHYLVFRVLW\RIWKHLQMHFWHGDOJLQDWHVROXWLRQQRW
KDYLQJ HQRXJK WLPH LQ ÀLJKW WR IRUP D VSKHUH
and the fast gelation of these beads as they hit the 
calcium chloride solution. It required the maximum 
LQMHFWLRQVSHHGRIWKHSXPSP/VWKURXJK
DP/V\ULQJHDQGVPDOOQHHGOHVL]HWRH[WUXGH
the viscous alginate solution fast enough to 
SURGXFH WKH VPDOOHVW GURSOHWV +RZHYHU WKLV
occasionally caused some alginate solution to leak 
SDVW WKHV\ULQJH¶V LQWHUQDOSODVWLFVHDOGXULQJ WKH
LQMHFWLRQ SURFHVV ,Q WXUQ WKLV ZRXOG UHGXFH WKH
internal syringe pressure and therefore the speed 
DWZKLFKWKHDOJLQDWHVROXWLRQZDVEHLQJLQMHFWHG
Owen, et al. 
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LQWR WKH FDOFLXP FKORULGH VROXWLRQ WKXV IRUPLQJ
larger beads.
,Q LQLWLDO H[SHULPHQWV GDWD QRW VKRZQ ZH
produced very large millimeter-sized beads when 
a slower speed or larger gauge needle was used. 
)XUWKHUPRUHYHU\ODUJHEHDGVZHUHRIWHQFUHDWHG
when setting up and removing the syringe as the 
alginate solution could occasionally drop into 
WKHFDOFLXPFKORULGHVROXWLRQKHQFHDOODOJLQDWH
EHDGV DERYH  ȝP ZHUH VLHYHG RXW DIWHU
bead manufacture was complete. The alginate 
EHDGV ZHUH QRW VLHYHG IXUWKHU DV ZH ZDQWHG WR
preserve the size distribution to create a range of 
PDFURSRUHVZLWKLQ WKHSRO\+,3(DSRO\GLVSHUVH
bead distribution should have a better packing 
H*?FLHQF\ WKDQ D PRQRGLVSHUVH RQH \LHOGLQJ DQ
interconnected macropore network throughout the 
VFD*甀oOG +RZHYHU DOWHUQDWLYH GLUHFW IDEULFDWLRQ
methods to have tighter control over alginate bead 
size and shape may be desirable. These could 
include electrospraying>@ DQGPLFURÀXLGLFV>@ to 
produce a more monodisperse size distribution.
7KH UDWLRV RI DOJLQDWH EHDGV   DQG
 ZW UHODWLYH WR WKH LQLWLDO +,3( ZHLJKW
ZHUH FKRVHQ DV WKLV EURDG UDQJH D*甀oUGV XV D
baseline understanding of the feasibility of 
combining alginate bead porogen leaching with 
HPXOVLRQ WHPSODWLQJ DQG WKHLU H*甀eFW RQ WKH
SRO\+,3( VFD*甀oOG PRUSKRORJ\ +HUH DOJLQDWH
EHDGV ZHUH LQFRUSRUDWHG LQWR WKH +,3( DW XS WR
ZWRIWKHHPXOVLRQZLWKQRYLVXDOVLJQVRI
emulsion destabilization. The polymer struts of 
WKH SRO\+,3( VXUIDFH WKDW KDV FXUHG DJDLQVW WKH
alginate beads have a smooth surface composed 
RIQXPHURXVSRUHVRIGL*甀eUHQWVL]HV5DWKHUWKDQ
WKH FODVVLFDO SRO\+,3( PRUSKRORJ\ REVHUYHG LQ
WKH EXON RI WKH SODLQ SRO\+,3( WKH SRUH VKDSH
DW WKLV LQWHUIDFH DSSHDUV GL*甀eUHQW DV WKH ZDWHU
droplets in the initial emulsion have been pressed 
and deformed against the smooth alginate surface 
EHIRUHSRO\PHUL]DWLRQ5HJDUGOHVVRIWKHVKDSHRI
WKHDOJLQDWHEHDGWKHSRO\+,3(UHWDLQHGDQRSHQ
pore surface and overall mirrored the curved shape 
of the alginate it cured against. The polymerized 
boundary layer between the alginate surface and 
SRO\+,3(KDGRSHQFRQQHFWHGSRUHV:HDVVXPH
WKLV LVEHFDXVH WKHDOJLQDWHEHDGVDUHZDWHU
and therefore will have a thin layer of water 
surrounding them. This means that the emulsion 
interface around these large alginate beads should 
EHWKHVDPHDVLILWZHUHDZDWHUGURSOHW±LWZLOOEH
VXUURXQGHGE\DWKLQ¿OPRIVXUIDFWDQWVWDELOL]HG
monomer that on polymerization would contract 
WRFUHDWHDQRSHQVXUIDFHSRURVLW\$VWKHDOJLQDWH
beads have been made in a separate process to the 
HPXOVLRQERWKWKHSRURVLW\LQWKHSRO\+,3(IURP
the water droplets and the macropores from the 
alginate beads can be controlled independently 
WR HDFK RWKHU XQOLNH ZKHQ KHDWLQJ RU VROYHQW
destabilization is used[23].
$V H[SHFWHG ZKHQ SRURVLW\ LQFUHDVHG
compressive modulus decreased (Figure 3
,QWHUHVWLQJO\ DV SRURVLW\ LQFUHDVHG WKH VWDQGDUG
SODVPDWUHDWPHQWDSSOLHGWRSRO\+,3(VWRLQFUHDVH
hydrophilicity in our group resulted in sample 
FKDUULQJGDWDQRWVKRZQ>@. We hypothesize that 
this is due to the high energy ions in the plasma 
LPSDFWLQJDQGDFFXPXODWLQJZLWKLQWKHSRO\+,3(
PDFURSRUHVLQWURGXFHGE\DOJLQDWHEHDGOHDFKLQJ
resulting in localized heating and charring. This 
is supported by greater charring occurring in 
WKH  ZW WKDQ WKH  ZW DOJLQDWH SRURJHQ
OHDFKHG SRO\+,3( VFD*甀oOGV DQG WKH DSSDUHQW
localization of the charring to the macropores. In 
WKHSODLQSRO\+,3(VZKLFKGRQRWSRVVHVV WKHVH
PDFURSRUHVWKHVHLRQVDUHFDUULHGRYHUWKHVXUIDFH
RIWKHSRO\+,3(PHDQLQJWKDWQRFKDUULQJRFFXUV
7RDOOHYLDWHWKLVWKHFRPELQDWLRQRIORZHUSRZHU
UHGXFHGVWDUWLQJSUHVVXUHWRLQFUHDVHDLUÀRZUDWH
DQGVKRUWHUWUHDWPHQWWLPHVZHUHWHVWHG¿QGLQJWKDW
DUHGXFWLRQLQSRZHUHOLPLQDWHGWKHFKDUULQJ
entirely whilst still reducing the hydrophobicity of 
WKHVFD*甀oOG
6HHGLQJH*?FLHQF\ZDVVLJQL¿FDQWO\JUHDWHULQ
WKHZWVFD*甀oOGVWKDQWKHSODLQSRO\+,3(VDV
the larger pores allowed cells and media to penetrate 
the porous network more easily (Figure 4A
$OWKRXJK WKHUH ZDV QR VLJQL¿FDQW GL*甀eUHQFH DW
GD\PHWDEROLFDFWLYLW\ZDVVLJQL¿FDQWO\KLJKHU
LQZWVDPSOHVWKDQSODLQSRO\+,3(VE\GD\
14. PrestoBlue measures the reduction of resazurin 
WRÀXRUHVFHQWUHVRUX¿Q7KLVPXVWEHFRPSOHWHO\
HOXWHG IURP WKH VDPSOHV IRU WKH ÀXRUHVFHQFH WR
FRUUHODWHWRWKHFHOOQXPEHU7KLVLVPRUHGL*?FXOW
 6FD*甀oOGVSURGXFHGE\FRPELQLQJSRURJHQOHDFKLQJDQGHPXOVLRQWHPSODWLQJ
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in highly porous samples where cells reside deep 
ZLWKLQWKHVFD*甀oOGHQFDVHGLQH[WUDFHOOXODUPDWUL[
WKDQ LQSODLQSRO\+,3(VFD*甀oOGVZKHUHFHOOVDUH
DOOWKHRXWHUHGJHV7KHUHIRUHLWLVOLNHO\WKDWFHOO
number could be increasingly underestimated as 
VFD*甀oOGSRURVLW\LQFUHDVHV
$W GD\  PLQHUDOL]HG PDWUL[ GHSRVLWLRQ
ZDV ORZHU LQ SRURJHQ OHDFKHG SRO\+,3(V WKDQ
plain ones (Figure 4B and C $V RVWHREODVWV
do not begin to deposit mineralized matrix until 
FRQÀXHQW>@ WKH LQFUHDVHG SRWHQWLDO IRU LQJURZWK
into porogen leached samples likely meant that 
0/2$ZHUHVWLOOLQDSUROLIHUDWLYHVWDWHDWWKLV
WLPH SRLQW KHQFH WKH ORZHU FDOFLXP GHSRVLWLRQ
7KHVHGL*甀eUHQFHVZHUHQR ORQJHUSUHVHQWE\GD\
ZKLFKLQGLFDWHDIDVWHUUDWHRIPDWUL[GHSRVLWLRQ
LQ WKH SRURJHQ OHDFKHG VFD*甀oOGV LQ WKH nd week 
WKDQWKHSODLQ)XUWKHUPRUHDVLPLODUTXDQWLW\RI
mineralized matrix was deposited in the alginate-
OHDFKHG VFD*甀oOGV WR WKH SODLQ VFD*甀oOGV E\ GD\
 GHVSLWH KDYLQJ D VLJQL¿FDQWO\ UHGXFHG FXOWXUH
area due to the presence of alginate beads during 
SRO\PHUL]DWLRQ XS WR  OHVV WRWDO PDWHULDO LQ
WKHFDVHRIWKHZWVFD*甀oOGV&RQVLGHULQJDOO
VFD*甀oOGVKDGWKHVDPHH[WHULRUGLPHQVLRQVîî
PPWKLVLQGLFDWHVDEHWWHUGLVWULEXWHGQHRWLVVXH
IRUPDWLRQWKURXJKRXWWKHDOJLQDWHOHDFKHGVFD*甀oOGV
PhotographV RI VFD*甀oOGV EHIRUH GHVWDLQLQJ VKRZ
how mineral distribution was more uniform in 
WKHSRURJHQOHDFKHGVFD*甀oOGVDWERWKWLPHSRLQWV
ZKHUHDV LW ZDV FRQ¿QHG WR WKH H[WHULRU VXUIDFHV
LQ SODLQ VFD*甀oOGV 7KHVH REVHUYDWLRQV RQ PDWUL[
GLVWULEXWLRQ IURP ORZ PDJQL¿FDWLRQ SKRWRgraphs 
agree with the histology and lightsheet microscopy 
(Figures 5 and 6) ,Q ERWK WHFKQLTXHV FHOOV DQG
PDWUL[ LQ SODLQ SRO\+,3(V DUH RQO\ DSSDUHQW RQ
WKH RXWHU SHULPHWHU RI WKH VFD*甀oOG ,Q FRQWUDVW
LQ¿OWUDWLRQ UHDGLO\ RFFXUUHG RQ SRURJHQ OHDFKHG
VFD*甀oOGVZLWKWKHJUHDWHVWLQJURZWKRFFXUULQJRQ
WKH PRVW SRURXV VFD*甀oOGV DQG YLDEOH FHOOV EHLQJ
SUHVHQWLQWKHVFD*甀oOGPLOOLPHWHUVIURPWKHRXWHU
VXUIDFH7KLV GHHSHU LQ¿OWUDWLRQ OLNHO\ RFFXUV IRU
WZR UHDVRQV )LUVW WKH FRQQHFWHG PDFURSRURVLW\
left by the alginate beads provides a facile route 
IRU FHOOV WR HQWHU WKH EXON RI WKH VFD*甀oOG GXULQJ
VHHGLQJ 6HFRQG LPSURYHG GL*甀uVLRQ WKURXJKRXW
WKH VFD*甀oOG GXH WR WKH DGGLWLRQDO PDFURSRURVLW\
encourages deeper cell penetration into the 
SRO\+,3( QHWZRUN DV FHOOV KDYH JUHDWHU QXWULHQW
availability and waste transport in comparison to 
SODLQVFD*甀oOGVDWWKHVHGHHSHUORFDWLRQV
,QVXPPDU\ZHKDYHVKRZQWKDWDOJLQDWHEHDG
SRURJHQOHDFKLQJRISRO\+,3(VFDQEHSHUIRUPHG
in a single-step process. This quickly and easily 
SURGXFHV PXOWLVFDOH SRURVLW\ VFD*甀oOGV ZLWK
pore sizes spanning three orders of magnitude 
±ȝP7KLVDSSURDFKHQKDQFHVLQLWLDOFHOO
VHHGLQJH*?FLHQF\SURPRWHVLQJURZWKDQGXQLIRUP
PDWUL[ GHSRVLWLRQ DQG DOORZV FHOOV WR UHPDLQ
YLDEOH GHHS ZLWKLQ WKH VFD*甀oOG 2YHUDOO WKHVH
¿QGLQJVKDYHLPSOLFDWLRQVLQWLVVXHHQJLQHHULQJRI
both bone and other tissues due to the ability to 
recreate the hierarchical porosities observed in a 
wide range of natural biological tissues.
Authors contributions
&RQFHSWXDOL]DWLRQ 52 *5 )& GDWD FXUDWLRQ
52 IRUPDO DQDO\VLV 52 &6 5( IXQGLQJ
DFTXLVLWLRQ 52 *5 )& LQYHVWLJDWLRQ 52
&6 5( PHWKRGRORJ\ 52 &6 5( SURMHFW
DGPLQLVWUDWLRQ52&65(*5)&UHVRXUFHV
*5 )& VXSHUYLVLRQ 52 &6 *5 )&
YDOLGDWLRQ 52 &6 5( *5 )& YLVXDOL]DWLRQ
52ZULWLQJ±RULJLQDOGUDIW52DQGZULWLQJ±
UHYLHZDQGHGLWLQJ52*5)&
&RQÀLFWVRILQWHUHVW
7KHDUHQRFRQÀLFWVRILQWHUHVWWRGHFODUH
Acknowledgments
:H DFNQRZOHGJH IXQGLQJ IURP WKH (QJLQHHULQJ
DQG 3K\VLFDO 6FLHQFHV 5HVHDUFK &RXQFLO *UDQW
QR (3/ DQG (31 DQG
%LRWHFKQRORJ\DQG%LRORJLFDO6FLHQFHV5HVHDUFK
&RXQFLO *UDQW QR %%) :H DOVR
DFNQRZOHGJH WKH (365& +HQU\ 5R\FH ,QVWLWXWH
IXQGLQJ *UDQW1R(33; IRU WKH OLJKW
sheet microscope.
References
 :X6/LX;<HXQJ.: et al. %LRPLPHWLF3RURXV
6FD*甀oOGVIRU%RQH7LVVXH(QJLQHHULQJMaterials Sci Eng R 
Owen, et al. 
 International Journal of Bioprinting±9ROXPH,VVXH 111
Rep±
 *XSWD ' 6LQJK $. 'UDYLG $ et al.  0XOWLVFDOH
3RURVLW\ LQ &RPSUHVVLEOH &U\RJHQLFDOO\ ' 3ULQWHG *HOV
IRU %RQH 7LVVXH (QJLQHHULQJ ACS Appl Mater Interfaces
±'2,DFVDPLE
 5XVWRP/(%RXGRX71HPNH%: et al.0XOWLVFDOH
3RURVLW\ 'LUHFWV %RQH 5HJHQHUDWLRQ LQ %LSKDVLF &DOFLXP
3KRVSKDWH 6FD*甀oOGVACS Biomater Sci Eng ±
'2,DFVELRPDWHULDOVE
 :RRGDUG-5+LOOGRUH$-/DQ6. et al.7KH0HFKDQLFDO
3URSHUWLHV DQG 2VWHRFRQGXFWLYLW\ RI +\GUR[\DSDWLWH %RQH
6FD*甀oOGVZLWK0XOWLVFDOH3RURVLW\Biomaterials±
'2,MELRPDWHULDOV
 5RRVD60.HPSSDLQHQ-00R*?WW(1 et al.7KH3RUH
6L]HRI3RO\FDSURODFWRQH6FD*甀oOGVKDV/LPLWHG,QÀXHQFHRQ
%RQH5HJHQHUDWLRQLQDQin vivo Model. J Biomed Mater Res 
A±'2,MEPD
 9DQG . .DSODQ '  3RURVLW\ RI ' %LRPDWHULDO
6FD*甀oOGVDQG2VWHRJHQHVLVBiomaterials±'2,
MELRPDWHULDOV
 /DQG/4&KRRQJ&7KUHHGLPHQVLRQDO6FD*甀oOGVIRU
7LVVXH(QJLQHHULQJ$SSOLFDWLRQV5ROHRI3RURVLW\DQG3RUH
6L]HTissue Eng Part B Rev'2,WHQ
WHE
 2ZHQ 5 6KHUERUQH & 3DWHUVRQ 7 et al.  (PXOVLRQ
7HPSODWHG 6FD*甀oOGV ZLWK 7XQDEOH 0HFKDQLFDO 3URSHUWLHV
IRU%RQH7LVVXH(QJLQHHULQJJ Mech Behav Biomed Mater
±'2,MMPEEP
 6KHUERUQH&2ZHQ55HLOO\*& et al./LJKWEDVHG
$GGLWLYH 0DQXIDFWXULQJ RI 3RO\+,3(V &RQWUROOLQJ WKH
6XUIDFH 3RURVLW\ IRU ' &HOO &XOWXUH $SSOLFDWLRQV Mater 
Des±'2,MPDWGHV
 0DOD\HUL $ 6KHUERUQH & 3DWHUVRQ 7 et al. 
2VWHRVDUFRPD JURZWK RQ WUDEHFXODU ERQH PLPLFNLQJ
structures manufactured via laser direct write. Int J Bioprint
±'2,LME
 2ZHQ56KHUERUQH&5HLOO\*& et al.'DWDIRUWKH
$QDO\VLV RI 3RO\+,3( 6FD*甀oOGV ZLWK 7XQDEOH 0HFKDQLFDO
3URSHUWLHVIRU%RQH7LVVXH(QJLQHHULQJData Brief±
'2,MGLE
 3DWHUVRQ 7( *LJOLRELDQFR * 6KHUERUQH & et al. 
3RURXV 0LFURVSKHUHV 6XSSRUW 0HVHQFK\PDO 3URJHQLWRU
&HOO ,QJURZWK DQG 6WLPXODWH $QJLRJHQHVLV APL Bioeng
'2,
 :DQJ$-3DWHUVRQ72ZHQ5 et al.3KRWRFXUDEOH+LJK
,QWHUQDO3KDVH(PXOVLRQV+,3(V&RQWDLQLQJ+\GUR[\DSDWLWH
IRU $GGLWLYH 0DQXIDFWXUH RI 7LVVXH (QJLQHHULQJ 6FD*甀oOGV
with Multi-scale Porosity. Mater Sci Eng C±'2,
MPVHF
 :KLWHO\ 0 5RGULJXH]5LYHUD * :DOGURQ & et al. 
3RURXV 3RO\+,3( 0LFURVSKHUHV IRU 3URWHLQ 'HOLYHU\ IURP
DQ ,QMHFtable %RQH *UDIW Acta Biomat ± '2,
MDFWELR
 /HH$/DQJIRUG&55RGULJXH]/RUHQ]R/0 et al.
%LRFHUDPLF 1DQRFRPSRVLWH 7KLRODFU\ODWH SRO\+,3(
6FD*甀oOGV IRU (QKDQFHG 2VWHREODVWLF &HOO &XOWXUH LQ '
Biomat Sci±'2,FEPN
 'LNLFL %$ 5HLOO\ *& &ODH\VVHQV )  %RRVWLQJ WKH
2VWHRJHQLF DQG $QJLRJHQLF 3HUIRUPDQFH RI 0XOWLVFDOH
3RURXV 3RO\FDSURODFWRQH 6FD*甀oOGV E\in vitro *HQHUDWHG
([WUDFHOOXODU0DWUL['HFRUDWLRQACS Appl Mater Interfaces
±'2,DFVDPLE
 'LNLFL%$6KHUERUQH&5HLOO\*& et al.(PXOVLRQ
7HPSODWHG 6FD*甀oOGV 0DQXIDFWXUHG IURP 3KRWRFXUDEOH
Polycaprolactone. Polymer ± '2, M
SRO\PHU
 'LNLFL%$'LNLFL65HLOO\*& et al.$1RYHO%LOD\HU
3RO\FDSURODFWRQH0HPEUDQHIRU*XLGHG%RQH5HJHQHUDWLRQ
&RPELQLQJ (OHFWURVSLQQLQJ DQG (PXOVLRQ 7HPSODWLQJ
Materials (Basel'2,PD
 &DPHURQ 15  +LJK ,QWHUQDO 3KDVH (PXOVLRQ
7HPSODWLQJ DV D 5RXWH WR :HOOGH¿QHG 3RURXV 3RO\PHUV
Polymer±'2,MSRO\PHU
 .UDMQF 3+  3RO\+,3(V IURP 0HWK\O 0HWKDFU\ODWH
+LHUDUFKLFDOO\ 6WUXFWXUHG 0LFURFHOOXODU 3RO\PHUV ZLWK
([FHSWLRQDO 0HFKDQLFDO 3URSHUWLHV Polymer ±
'2,MSRO\PHU
 ,DQG * 6LOYHUVWHLQ 06  3RO\PHUL]HG SLFNHULQJ
+,3(V(*甀eFWVRIV\QWKHVLVSDUDPHWHUVRQSRURXVVWUXFWXUH
J Polym Sci Part A Polym Chem±'2,
pola.23911
 %RNKDUL 0 &DUQDFKDQ 5- 3U]\ERUVNL 6$ et al. 
(PXOVLRQWHPSODWHG3RURXV3RO\PHUVDV6FD*甀oOGVIRU7KUHH
'LPHQVLRQDO &HOO &XOWXUH (*甀eFW RI 6\QWKHVLV 3DUDPHWHUV
RQ 6FD*甀oOG )RUPDWLRQ DQG +RPRJHQHLW\J Mater Chem
±'2,ED
 &DUQDFKDQ 5- %RNKDUL 0 3U]\ERUVNL 6$ et al. 
7DLORULQJ WKH 0RUSKRORJ\ RI (PXOVLRQWHPSODWHG 3RURXV
Polymers. Soft Matter±'2,EJ
 5LFKH]$'HOHX]H+9HGUHQQH3 et al.3UHSDUDWLRQRI
8OWUDORZGHQVLW\0LFURFHOOXODU0DWHULDOVJ Appl Polym Sci
±'2,DSS
 ;X + =KHQJ ; +XDQJ < et al.  ,QWHUFRQQHFWHG
3RURXV3RO\PHUVZLWK7XQDEOH3RUH7KURDW6L]H3UHSDUHGYLD
 6FD*甀oOGVSURGXFHGE\FRPELQLQJSRURJHQOHDFKLQJDQGHPXOVLRQWHPSODWLQJ
112 International Journal of Bioprinting±9ROXPH,VVXH
3LFNHULQJ+LJK,QWHUQDO3KDVH(PXOVLRQVLangmuir±
'2,DFVODQJPXLUE
 :LOOLDPV -0 *UD\ $- :LONHUVRQ 0+  (PXOVLRQ
6WDELOLW\DQG5LJLG)RDPV IURP6W\UHQHRU'LYLQ\OEHQ]HQH
:DWHULQRLO(PXOVLRQVLangmuir±'2,
ODD
 :LOOLDPV -0 :UREOHVNL '$  6SDWLDO 'LVWULEXWLRQ
RI WKH 3KDVHV LQ :DWHULQRLO (PXOVLRQV 2SHQ DQG &ORVHG
0LFURFHOOXODU )RDPV IURP &URVVOLQNHG 3RO\VW\UHQH
Langmuir±'2,ODD
 5RELQVRQ -/ 0RJOLD 56 6WXHEEHQ 0& et al. 
$FKLHYLQJ ,QWHUFRQQHFWHG 3RUH $UFKLWHFWXUH LQ ,QMHFtable 
3RO\+,3(VIRU%RQH7LVVXH(QJLQHHULQJTissue Eng Part A
±'2,WHQWHD
 .QLJKW(0XUUD\%&DUQDFKDQ5 et al. $OYHWH[
3RO\VW\UHQH 6FD*甀oOG 7HFKQRORJ\ IRU 5RXWLQH 7KUHH
'LPHQVLRQDO&HOO&XOWXUH ,Q+D\FRFN-:HGLWRU'&HOO
&XOWXUH0HWKRGVDQG3URWRFROV+XPDQD3UHVV7RWRZD1-
SS±'2,B
 9LVZDQDWKDQ 3 -RKQVRQ ': +XUOH\ & et al.  '
6XUIDFH)XQFWLRQDOL]DWLRQRI(PXOVLRQ7HPSODWHG3RO\PHULF
Foams. Macromolecules ± '2, 
PDT
 &DPHURQ 15 6KHUULQJWRQ '& $OELVWRQ / et al. 
6WXG\ RI WKH )RUPDWLRQ RI WKH 2SHQFHOOXODU 0RUSKRORJ\
RI 3RO\VW\UHQHGLYLQ\OEHQ]HQH SRO\+,3( 0DWHULDOV E\
FU\R6(0 Colloid Polym Sci ± '2, 
EI
 6WHYHQV 0 0DQG *HRUJH - +  ([SORULQJ DQG
(QJLQHHULQJWKH&HOO6XUIDFH,QWHUIDFHScience±
 6HDUV 1$ 'KDYDOLNDU 36 &RVJUL*甀-+HUQDQGH] (0 
(PXOVLRQ ,QNV IRU ' 3ULQWLQJ RI +LJK 3RURVLW\ 0DWHULDOV
Macromol Rapid Commun ± '2, 
PDUF
 6HDUV1'KDYDOLNDU3:KLWHO\0 et al.)DEULFDWLRQ
RI%LRPLPHWLF%RQH*UDIWVZLWK0XOWLPDWHULDO'3ULQWLQJ
Biofabrication'2,DD
 6XVHF0/LJRQ6&6WDPSÀ - et al. +LHUDUFKLFDOO\
Porous Materials from Layer-by-layer Photopolymerization 
RI+LJK,QWHUQDO3KDVH(PXOVLRQVMacromol Rapid Commun
±'2,PDUF
 -RKQVRQ ': 6KHUERUQH & 'LGVEXU\ 03 et al. 
0DFURVWUXFWXULQJRI(PXOVLRQWHPSODWHG3RURXV3RO\PHUVE\
3D Laser Patterning. Adv Mater±'2,
DGPD
 /HH-01J:/<HRQJ:<5HVROXWLRQDQG6KDSHLQ
%LRSULQWLQJ6WUDWHJL]LQJ7RZDUGV&RPSOH[7LVVXHDQG2UJDQ
Printing. Appl Phys Rev'2,
 1J://HH-0=KRX0 et al.9DW3RO\PHUL]DWLRQ
EDVHG %LRSULQWLQJ 3URFHVV 0DWHULDOV $SSOLFDWLRQV DQG
5HJXODWRU\ &KDOOHQJHV Biofabrication  '2,
DE
 =KDQJ-+X4:DQJ6 et al.'LJLWDO/LJKW3URFHVVLQJ
%DVHG7KUHHGLPHQVLRQDO3ULQWLQJIRU0HGLFDO$SSOLFDWLRQV
Int J Bioprint±
 7KDGDYLUXO 1 3DYDVDQW 3 6XSDSKRO 3  'HYHORSPHQW
RI3RO\FDSURODFWRQH3RURXV6FD*甀oOGVE\&RPELQLQJ6ROYHQW
&DVWLQJ 3DUWLFXODWH /HDFKLQJ DQG 3RO\PHU /HDFKLQJ
7HFKQLTXHV IRU %RQH 7LVVXH (QJLQHHULQJ J Biomed Mater 
Res Part A±'2,MEPD
 .LP 7* &KXQJ +- 3DUN 7*  0DFURSRURXV DQG
1DQR¿EURXV +\DOXURQLF $FLGFROODJHQ +\EULG 6FD*甀oOG
)DEULFDWHG E\ &RQFXUUHQW (OHFWURVSLQQLQJ DQG 'HSRVLWLRQ
OHDFKLQJ RI 6DOW 3DUWLFOHV Acta Biomater ± '2,
MDFWELR
 6LQ ' 0LDR ; /LX * et al.  3RO\XUHWKDQH 38
6FD*甀oOGV3UHSDUHGE\6ROYHQW&DVWLQJSDUWLFXODWH/HDFKLQJ
6&3/ &RPELQHG ZLWK &HQWULIXJDWLRQ Mater Sci Eng C
±'2,MPVHF
 %HQFKHULI6$%UDVFKOHU705HQDXG3$GYDQFHVLQ
WKH'HVLJQRI0DFURSRURXV3RO\PHU6FD*甀oOGVIRU3RWHQWLDO
$SSOLFDWLRQVLQ'HQWLVWU\J Periodontal Implant Sci±
'2,MSLV
 +XWPDFKHU ':  6FD*甀oOG 'HVLJQ DQG )DEULFDWLRQ
7HFKQRORJLHV IRU (QJLQHHULQJ 7LVVXHV 6WDWH RI WKH$UW DQG
Future Perspectives. J Biomater Sci Polym Ed±
 9HQNDWHVDQ - %KDWQDJDU , 0DQLYDVDJDQ 3 et al. 
$OJLQDWH&RPSRVLWHVIRU%RQH7LVVXH(QJLQHHULQJ$5HYLHZ
Int J Biol Macromol±
 6FKLQGHOLQ-$UJDQGD&DUUHUDV,)ULVH( et al.)LML
$Q2SHQVRXUFH3ODWIRUPIRU%LRORJLFDOLPDJH$QDO\VLVNat 
Methods±'2,QPHWK
 6FKQHLGHU&$5DVEDQG:6(OLFHLUL.:1,+,PDJH
WR,PDJH-<HDUVRI,PDJH$QDO\VLVNat Methods±
'2,QPHWK
 2ZHQ5%DKPDHH+&ODH\VVHQV) et al.&RPSDULVRQRIWKH
$QDEROLF(*甀eFWVRI5HSRUWHG2VWHRJHQLF&RPSRXQGVRQ+XPDQ
0HVHQFK\PDO 3URJHQLWRUGHULYHG 2VWHREODVWV Bioengineering 
(Basel'2,ELRHQJLQHHULQJ
 /LQNHUW 0 5XHGHQ &7 $OODQ &, et al.  0HWDGDWD
0DWWHUV$FFHVVWR,PDJH'DWDLQWKH5HDO:RUOGJ Cell Biol
±
 3DOMHYDF0*UDGLãQLN//LSRYãHN6 et al.0XOWLSOH
/HYHO3RURXV3RO\PHU0RQROLWKVZLWK,QWHUFRQQHFWHG&HOOXODU
Owen, et al. 
 International Journal of Bioprinting±9ROXPH,VVXH 113
7RSRORJ\3UHSDUHGE\&RPELQLQJ+DUG6SKHUHDQG(PXOVLRQ
7HPSODWLQJIRU8VH LQ%RQH7LVVXH(QJLQHHULQJMacromol 
Biosci'2,PDEL
 +D\ZDUG$6(LVVD$00DOWPDQ'- et al.*DODFWRVH
IXQFWLRQDOL]HG 3RO\+,3( 6FD*甀oOGV IRU 8VH LQ 5RXWLQH
7KUHH 'LPHQVLRQDO &XOWXUH RI 0DPPDOLDQ +HSDWRF\WHV
Biomacromolecules±'2,EP[
 $ND\ * %LUFK 0$ %RNKDUL 0$  0LFURFHOOXODU
SRO\KLSH 3RO\PHU 6XSSRUWV 2VWHREODVW *URZWK DQG %RQH
Formation in vitro. Biomaterials ± '2,
MELRPDWHULDOV
 :RUNPDQ 9/ 'XQQHWW 6% .LOOH 3 et al.  2Q&KLS
$OJLQDWH0LFURHQFDSVXODWLRQRI)XQFWLRQDO&HOOVMacromol 
Rapid Commun±'2,PDUF
 %HFN*5-U=HUOHU%0RUDQ(*HQH$UUD\$QDO\VLV
RI2VWHREODVW'L*甀eUHQWLDWLRQ&HOO*URZWK'L*甀eU±
